ABSTRACT
INTRODUCTION
Insulin encapsulated within nanoparticles is one of many strategies that have been developed in order to enhance the absorption and the bioavailability of the particular therapeutic protein, aiming at achieving successful delivery of insulin. [1] [2] [3] [4] Several approaches have been employed in order to realize effective insulin formulations. The structural meta-analysis of insulin in pharmaceutical formulations recently appeared in the literature. 5 An ideal insulin carrier should have reasonably high protein encapsulation efficiency and loading capacity, and sustained/controlled release of the loaded protein while retaining bioactivity. 6, 7 Proteins and polyelectrolytes interact, primarily via electrostatic interactions, to form hybrid complexes, which can have widely varied stoichiometries, morphologies, architectures and shapes. These mixed systems are bio-functional with potential applications in the design and development of delivery systems of biopaharmceuticals, as well as of biosensors. According to the recent literature, polylysine-based block copolymers are effective protein, gene and drug nanocarriers. [8] [9] [10] [11] [12] These mixed materials exhibit both pH and temperature-responsive self-assembly and are used as nanocarriers with enhanced properties. 13, 14 According to Lee and Kataoka, ionic biopharmaceuticals, such as genes and proteins can interact with ionic block copolymers to form polyion complex micelles with core-shell morphology. 15 In this investigation, a PEG-polypeptide block copolymer, namely poly(ethylene glycol Sigma-Adrich). The block copolymer was isolated after precipitation in diethyl ether.
Due to the copolymer's amphihpilic character it was purified from unreacted macroinitiator by washing of the residue with water/isopropyl alcohol mixture and 35 wt % Lys units in the block copolymer, Figure S1 ) The structure of PEG-b-PLys is presented in Fig. 1 (a). Apparent hydrodynamic radii, Rh, at finite concentrations, were calculated by aid of the Stokes -Einstein equation:
where kB is the Boltzmann constant, η0 is the viscosity of water at temperature T, and D is the diffusion coefficient at a fixed concentration. The polydispersity of the particle sizes was given as the 2 2 ⁄ (PD.I.) from the cumulants method, where Γ is the average relaxation rate, and μ2 is its second moment.
Static light scattering has been used in order to estimate the radius of gyration, Rg, of the chimeric nanoassemblies via the use of Zimm plots, which can be described by the following equation:
where Rvv(q) is known as the Rayleigh ratio, 
Electrophoretic Light Scattering-Zeta potential measurements. Electrophoretic
Light Scattering is a technique used to measure the electrophoretic mobility of hybrid nanostructures. The fundamental physical principle is that of electrophoresis. A dispersion/solution is introduced into a cell containing two electrodes. An electrical field is applied to the electrodes, and particles that have a net charge, or more strictly a net zeta potential, will migrate towards the oppositely charged electrode with a velocity, known as the electrophoretic mobility, that is related to their zeta potential values. The zeta potential of nanostructures was measured using Zetasizer 3000HAS, Malvern Instruments, Malvern, UK. 50μl of the solutions of the block copolymer/protein complexes was 30-fold diluted in buffer and ζ-potential was measured at room temperature at 633nm. The zeta potentials were calculated from electrophoretic mobilities, μΕ, by using the Henry correction of the Smoluchowski equation:
where 0 is the permittivity of the vacuum, is the relative permittivity, α is the particle radius, κ is the Debye length, and n is the viscosity of water. The function f(κα) depends on particle shape. While if κα > 1:
The above function refers to dispersions of the present study. The structure and the formation process of complexes is schematically represented in Fig.1(b) . The concentration of PEG-b-PLys copolymer is kept constant throughout the series of aqueous solutions of different ionic strength investigated. DLS results at low ionic strength (0.01M) at pH=7 show that all solutions exhibit a main peak at high Rh values (ca. 60nm) at low concentration of INS, which apparently corresponds to the formed mixed aggregates (Fig. 2(a) ). An increase of Rh values was observed as the concentration of INS was increased. These solutions exhibit a main peak at high Rh values (~120nm at the highest concentration of INS) ( Fig. 2(a) ). Furthermore, DLS results at low ionic strength (0.01M) at pH=7.10 show that all solutions exhibit a main peak at high Rh values (~40nm) at low concentration of INS, which apparently corresponds to the formed mixed aggregates (Fig. 2(a) ). On the other hand, a decrease
Rh values was observed at the increased concentration of INS, and these suspensions exhibited a main peak at ~30nm. The Polydispersity Index (PD.I.) values indicate quite monodisperse colloidal formulations, especially for the dispersions at low ionic strength (0.01M) and at high INS concentrations ( Fig. 2(b) ). ζ-potential remained unaffected as the concentration of the INS increases ( Fig. 2(c) ). The values of the scattering intensity, I90, which is proportional to the mass of the species in solution, increased gradually as a function of CINS, providing proof of the occurring complexation ( Fig.2(d) ), i.e. the mass of the complexes increases as CINS increases.
As INS concentration increases each polyelectrolyte chain interacts with an increasing number of INS molecules, the degree of charge neutralization becomes higher and the size distribution of the complexes decreased also, especially at the highest ionic strength. In contrast I90 (and mass of the complexes) remains almost constant in the case of PBS solutions ( Fig. 2(d) ). On the other hand, the ζ-potential values increased in absolute value as the concentration of the INS increases, in PBS ( Fig. 2(c) ), and become more negative. Additionally, the Rh did not changed significantly as the concentration of INS was increased, while the population of the colloidal nanoparticles became more homogeneous (Fig. 2(b) ). Taking into consideration the greater ionic strength of PBS one can assume that the above observations may be due to increased screening of effects on the electrostatic interactions between the components of the complexes. The mass of the complexes is significantly higher at pH=7 and I=0.01M, showing increased interactions, while the size of the complexes is constantly larger in PBS, showing more swelled structures under the latter conditions.
Another synergistic phenomenon that could contribute to the above phenomenology is the different solvation of PEG polymeric chains. 18 These differences in the hydration energy of the water molecules make the PEG polymeric chain more hydrophilic. The presence of ions plays a key role for the improved hydration of PEG chains due to the screening effects in the interactions between the water molecules and the PEG polymeric chains. [19] [20] The morphology of nanovectors is quite important for their biological behavior and pharmacokinetic profile of the encapsulated bioactive compound. [21] [22] [23] [24] The values of Rg/Rh were also calculated and presented in Fig 2. (e). This ratio is sensitive to the shape/morphology of nanoparticles/ nanoparticulate complexes in dispersion and can be used as a rough estimate of the internal morphology of the colloidal particle. This is based on the notion that Rh defines the outer dimensions of the particle while Rg is a measure of the mass density distribution around the center of the nanostructure.
According to Burchard, the ratio Rg/Rh takes the values of 0.775 for a hard uniform sphere and 1.0 for vesicles with thin walls, while values of 1.3 to 1.5 indicate a random coil (loose) conformation in the case of macromolecular chains. 25 In the present case, the values Rg/Rh are in the range 0.80-1.00 for PEG-b-PLys:INS at low ionic strength (I=0.01M) and pH=7, indicating a more well-defined spherical, rather dense nanostructure for the complexes (Fig 2.(e) ). On the other hand, the values Rg/Rh indicate open (low density) spherical structures for the complexes or a rather low density full spherical structure in PBS (Fig 2.(e) ). The differences of the external morphology of complexes indicate that the dispersion medium plays a key role on the electrostatic interactions and the hydration of the hydrophilic PEG chains, due to the different ionic strength of the aqueous dispersion media. In other words, the physicochemical characteristics of the prepared complexes are strongly influenced by the dispersion medium (salinity, pH, ionic strength). Fig. 8(a) ), while the scattering intensity decreased significantly ( Fig. 8(b) ).
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